INTRODUCTION
The metabolism of nitro-containing compounds by mammalian systems has been an area of study for many years. Earlier, the focus was on the reduction of the nitro group classically illustrated by p-nitrobenzoic acid reduction to p-aminobenzoic acid (Fouts and Brodie, 1957) . Oxidative metabolism of 2-nitropropane (2NP) by rat liver microsomes was demonstrated by Ullrich et al. (1978) . This novel reaction involved cytochrome P-450 (P450)-mediated denitrification of 2NP to yield nitrite and acetone as products. The involvement of P450 was substantiated by an increase in nitrite release after phenobarbital (PB) and 3-methylcholanthrene (3MC) induction, in vitro inhibition by metyrapone, ct-naphthoflavone and carbon monoxide (CO), and reversal of CO inhibition by monochromatic light at 450 nm. The importance of this reaction was amplified in a subsequent study (Sakurai et al., 1979) which demonstrated the applicability of this reaction mechanism to other aliphatic nitro compounds. In contrast to the essential absence of denitrification activity reported by Ullrich et al., (1978) for hepatic microsomes from untreated rats, our work with 2NP in an NADPH-dependent system Kulkarni, 1985, 1986) has shown significant nitrite releasing ability in uninduced CD~ mouse liver microsomes. That this activity was observed without induction of P450 by chemical pretreatment enhances the potential toxicological significance of hepatic 2NP metabolism. A similar reaction has also been reported in rabbit liver microsomes for 2-nitro-l-pbenylpropane (Jonsson et al., 1977) .
A few studies have reported reductive microsomal denitrosation of nitrosamines (Appel et al., 1980; Appel and Graf, 1982) . Appel and Graf (1982) demonstrated nitrite release from nitrosamines in a *Present address: Department of Clinical Pathology, The
Oregon Health Sciences University, Portland, OR 97201, U.S.A. tAuthor to whom correspondence should be addressed. reconstituted microsomal P450 system from PB induced pig liver. Spectral binding studies reported by these authors suggested a mechanism involving reductive cleavage of the nitroso group with a secondary amine as the leaving group. The nitroso group was thought to remain bound to the reduced P450 as nitric oxide which was non-enzymatically displaced from its binding site by molecular oxygen. The liberated nitric oxide was then partially converted to nitrite.
The report of Ullrich et al. (1978) retains some ambiguity as to the reaction mechanism of 2NP metabolism. The authors noted that lowering the oxygen concentration from 21 to 4% had no effect on the rate of 2NP denitrification which led them to believe that reduction of the nitro group to an amine was unlikely to occur. In theory, however, if oxidation is the only pathway involved in the metabolism of 2NP then a low oxygen concentration should have caused a proportional decrease in P450-dependent oxidative nitrite release. Thus, it was not clear whether the reaction was exclusively oxidative. The failure to observe the oxygen dependence of the reaction suggests the possibility that at least part of the nitrite release from 2NP in the NADPH-coupled reaction was through an oxygenindependent mechanism(s). This has also been suggested by investigations on 2NP denitrification in an NADPH-dependent mouse microsomal system (Marker and Kulkarni, 1986) .
In order to establish unequivocally that denitrification of 2NP can proceed by an oxidative mechanism, the reaction was evaluated using mouse hepatic microsomes supplemented with cumene hydroperoxide (CHP). Organic hydroperoxides, through the peroxygenase activity of P450, can replace NADPH, NADPH cytochrome P450 reductase, and molecular oxygen in numerous types of P450-mediated reactions (O'Brien, 1978) . When P450 acts as a peroxygenase the ferric ion in the active site remains in an oxidized state throughout the reaction cycle and, in the case of 2NP, any nitrite release or acetone production would be due to a totally oxidative reaction. In this communication we report CHP-supported denitrification of 2NP in uninduced CD~ mouse liver microsomes.
MATERIALS AND METHODS

Chemicals
2NP (94%), metyrapone (2-methyl-l,2-di-3-pyridyl-lpropanone) and a-naphthoflavone were obtained from Aldrich Chemical Co., Milwaukee, Wis. HEPES (N-2-hydroxyethyl piperazine-N'-2-ethane sulfonic acid, sodium salt) was supplied by U.S. Biochemical, Cleveland, Ohio while imidazole was purchased from Eastman, Rochester, N.Y. Sigma Chemical Co., St Louis, Mo. supplied Tris-(hydroxymethyl)aminomethane, HC1 (Tris), glycine, and mixed isomers of butylated hydroxyanisole (BHA). SKF-525A (2-diethylaminoethyl-2,2-diphenylvalerate, HCI) was the generous gift of Smith, Kline and French, Philadelphia, Pa. Metyrapone (2-methyl-l,2-di-3-pyridylpropane) and ~-naphthoflavone were obtained from Aldrick. CHP was purchased from Matheson, Coleman and Bell, Cincinnati, Ohio. The hydrochloride salt of n-octylamine was synthesized in the laboratory. All other chemicals were reagent grade and available commercially.
Animals
Male CD~ mice were obtained from Charles River Breeding Laboratories, Portage, Mich. Mice were maintained on a 12 hr light/dark cycle and allowed to acclimate for one week after receipt. Food and water were available ad libitum. All mice were between 8 and 14 weeks Of age at sacrifice.
Isolation of microsomes
Mice were sacrificed by cervical dislocation and livers quickly removed, weighed, placed in 15ml ice cold homogenization buffer consisting of 50mM Tris, 0.1 mM EDTA and 0.25 M sucrose, pH 7.4, and homogenized by 6-8 strokes of a motor driven Teflon pestle in a preeooled glass mortar. The homogenate (15-20%) was centrifuged at 4°C for 20 min at 9000g to remove cell debris and mitochondria. The post-mitochondrial supernatant was: centrifuged at 4°C for 60 min at 106,000g. The cytosol was discarded and the microsomal pellet washed by resuspension in a fresh 15 ml aliquot of ice cold homogenization buffer, followed by recentrifugation at 106,000g for 60min. The washed microsomes were resuspended in 2.0 ml sucrose (0.25 M).
CHP-supported enzyme assay
After protein determination by the Biuret method (Gornall et al., 1949) microsomes were diluted to a concentration of 2.0 mg of protein/ml in the specified buffer. Preliminary experiments indicated that, when CHP was included, the presence or absence of microsomes inactivated by boiling (I0 min at 100°C) had no effect on non-enzymatic nitrite release from 2NP. Therefore, experiments were performed using control incubations containing 0.9 ml of the specified buffer to which all other reaction components except microsomes were added. Total activity was assayed in a flask containing 1.0 mg/ml active microsomal protein, the indicated concentrations of 2NP and CHP, and the specified buffer. Final volume of the complete reaction system was 1.0 ml for both the control (non-enzymatic) and total activity systems. Concentrations reported for reaction components are final concentrations.
All flasks were pre-incubated at 37 + I°C in a shaking water bath for 5 min. Following the addition of 2NP the reaction was initiated with CHP. The incubation time was 5 min after the addition of CHP unless otherwise specified. Nitrite was determined by a slight modification of the method described by Ullrich et al. (1978) . The reaction was terminated by the removal of 0.5 ml of the reaction mixturc to 0.5ml ice cold zinc acetate (0.5M in 50% ethanol) followed by the addition, while vortexing, of 0.5 ml ice cold 0.5 M sodium carbonate. The precipitate formed was removed by centrifugation at 2750g for 5min. A 0.5m] aliquot of the clear supernatant was mixed with 1.0ml sulfanilamide (2% in 6N HC1) followed by 0.25ml N-(1-naphthyl)ethylenediamine (0.16% in 6N HCI). After 15 min, absorbance of the colored product was measured at 540 rim. Enzymatic nitrite release was quantified from the difference between the total activity flask and the nonenzymatic activity flask. Standard curves were prepared using sodium nitrite under identical conditions.
Identification and quantification of acetone
Acetone was identified as the second oxidation product of 2NP by gas liquid chromatography (GC). All reaction components with the exception of 2NP and CHP were placed in 10 ml serum bottles kept on ice. After capping and sealing, the vials were preincubated at 37 _+ I °C for 5 min in a shaking water bath. The reaction was started by introducing 2NP (105 mM) through the rubber stopper with a Hamilton syringe followed by CHP [(3.0 mM). (Optimal concentrations of 2NP were not used due to its interference with elution of the internal standard at the chromatography step.) After 5min further incubation the reaction was stopped by addition through the stopper of 1.0 ml ice-cold 0.5 M aqueous zinc acetate. Vials were then placed on ice and the internal standard (IS) methylethylketone (MEK) (112 nmol/vial) was added. Vials remained on ice until head space analysis was performed.
GC was performed on a Varian 3700 chromatograph equipped with a flame ionization detector. Separation of the volatile components in the head space was achieved using a stainless steel column (6' × I/8" o.d.) prepacked with 0.1% SP-1000 on 80/100 Carbopack C. The carrier gas was nitrogen with a flow rate of 24 ml/min. GC conditions were as follows: injector temperature, 150°C; detector temperature, 170°C; initial column temperature, 40°C; attenuation, 4 x 10 -t2. The GC was programmed to hold the initial temperature for 5 min and then increase temperature 10°C/min to 150°C which was held for 10min. For head space analysis, each vial was individually incubated for 30 min at 37 + 1 °C and 1 ml sample of the head space gas containing acetone was injected on column.
A Finnegan mass spectrometer was used to confirm the presence of acetone as second product of the CHPsupported reaction. A purge and trap method was used to introduce volatiles dissolved in the reaction mixture onto the GC column interfaced with the mass spectrometer. The trap was a glass column 10" x 1/4" o.d. containing (in order from the inlet) silica gel, Tenax GC, and activated charcoal. The reaction mixture was purged into the cold trap by bubbling helium through the reaction mixture at 40ml/min for 12 rain. The trap was then desorbed for 2 min at 200°C onto the GC column. This column was a 6' x 2 mm i.d. packed column containing 0.1% SP-1000 on 80/100 Carbopack C. The column was maintained at room temperature during the trap desorbtion. For this chromatography phase the flow rate of helium was 20 ml/min. Chromatography was begun at 50°C held for 2 rain, and the temperature then increased at 8°C/rain until 2NP appeared at which time the run was terminated.
Acetone standards were made for each assay in buffer and microsomes and were run through the assay procedure as if they were test samples except that CHP was excluded. Acetone from these standards eluted at a retention time of 3.6 min while MEK had a retention time of 9.7 min. Vials in which metabolism of 2NP occurred also contained a peak eluting at the same retention time as acetone. The peak height ratio of acetone to MEK in the samples increased with reaction time suggesting that acetone is an enzymatic reaction product. Quantification of acetone was by corn- parison of peak height ratios (corrected for non-enzymatic activity) with known acetone standards.
Slalislics
Unless otherwise noted, results are reported as mean specific activity + SE. Specific activity is defined as nanomoles of nitrite released or acetone produced/rain/rag microsomal protein. Characterization experiments were performed with microsomes isolated from four pooled livers. In this case, a minimum of two replicate assays were done. All other observations are based on the indicated number of separate liver preparations.
Statistical analysis of CHP concentration dependence was by multiple comparisons using the Scheffe method (Remington et al., 1970) . In the inhibitor study, statistical differences between treatments were tested using Student's t-test. In both cases a P value of 0.05 or less was considered significant.
RESULTS
Similar to the NADPH and oxygen dependent reaction reported for hepatic microsomes from PB or 3MC induced rats (Ullrich et al., 1978) and uninduced mice Kulkarni, 1985, 1986 ) nitrite release from 2NP was observed when uninduced male CD1 mouse hepatic microsomes were supplemented with CHP. Through a series of experiments, the CHP-supported reaction was characterized and the results are presented in the accompanying figures and tables.
The effect of pH on denitrification activity is illustrated in Fig. 1 . The major activity peak was seen at pH 8.6 with a shoulder at pH 7.6. These results correlate well with those found in our investigations of the NADPH-dependent reaction in uninduced mice (Marker and Kulkarni, 1986) and in induced rats (Ullrich et al., 1978) . Consequently, all further experiments were conducted at both pH 7.6 and 8.6. The effect of different buffers at two pHs on relative nitrite releasing activity was studied. Considering both pHs, relative activity was from 9 to 58% greater in 0.1 M Tris than in HEPES buffer, sodium or potassium phosphate buffers, potassium chloride/ boric acid/NaOH buffer, or glycine/NaOH buffer. Therefore, 0.1 M Tris was used in all subsequent experiments.
To determine the optimal concentration of CHP for denitrification, a range from 0.1 to 10.0 mM were tested. At pH 7.6 nitrite release was marginally greater at 2.0 mM than at 3.0 mM, while at pH 8.6, 3.0 mM was slightly greater than 2.0 mM. Since no statistical difference among the values was observed from 1.0 to 5.0raM CHP at pH7.6 or pH8.6, 3.0 mM CHP was used for all subsequent experiments. Higher concentrations (>5mM) were less effective.
Substrate (2NP) concentration optima were found to be 262mM at pH7.6 and 157mM at pH8.6 (Fig. 2) . The apparent Km values determined from these data were 83 mM at pH 7.6 and 65 mM at pH 8.6. In addition, the CHP-supported reaction was found to be linear with respect to protein concentration up to 3.0 mg/ml at both pHs (Fig. 3) . Time dependence of the reaction was also assessed and linearity was observed up to 15 min at pH 7.6 but only up to 7.5 min at pH 8.6 (Fig. 4) . Non-linearity after 7.5 min at pH 8.6 may be due to inactivation of 1)450 by a combination of high pH and CHP-induced lipid peroxidation over time with accompanying membrane disruption (Kulkarni and Hodgson, 1981) . The routinely used 5 rain reaction time is within the linear portion of the response curve in all the cases. Under optimal conditions the specific activities observed for nitrite release were: 17.1 at pH 7.6 and 16.3 at pH 8.6. Acetone was identified by GC and confirmed by MS as second product of the oxidative denitrification of 2NP (Fig. 5) .
The results of the balance study are shown in Table 1 . A difference of over 200% between acetone production and nitrite release was observed. The possible reasons for this finding may involve the chemistry of nitrite and CHP and are discussed below.
The effects of chemicals known to modify the peroxygenase activity of P450 were tested and the results are presented in Table 2 . The most effective inhibitor at both pH7.6 and pH8.6 was noctylamine which inhibited the reaction by 30 and 41% respectively. Differential effects were seen for BHA and SKF-525A. BHA decreased activity 34% at pH 8.6 but only 13% at pH 7.6. SKF-525A, on the 20.84 ± 0.49 8.65 ± 0.70 2.41 Specific activity is expressed as nanomoles of acetone produced or nitrite mL~__~/min/mg protein. The c, onezntration of 2NP used was 105 mM (optimal concentratiom: pH 7.6, 262 raM; pH 8.6, 157 raM). At pH 7.6, n = 4; at pH 8.6, n = 3. See "Materials and Methods" for further details. other hand, produced 23% inhibition at pH 7.6 but caused a non-significant decrease in activity at pH 8.6. No significant decrease in activity was observed with imidazole, metyrapone or -naphthoflavone.
DISCUSSION
Earlier, the involvement of P450 in the metabolism of 2NP was clearly shown (Ullrich et al., 1978) . However, the contribution of an oxidative mechanism in the overall denitrification process is difficult to assess in an NADPH-dependent microsomal systern when oxygen-independent pathways are concurrently operative. Ullrich et al. (1978) worldng with an NADPHdependent rat liver microsomal system, observed no change in nitrite release from 2NP when the oxygen concentration was reduced from 21 to 4%. It is possible that 4% oxygen is sufficient for the NADPHdependent system to function at full capacity although a decrease in activity is more likely. Alternatively, a reductive mechanism similar to that postulated for nitrosamines by Appel, et al. (1982) may be operating. Of lesser importance is the contribution of hydrogen peroxide derived from the NADPH oxidase activity of P450 which could promote oxidative metabolism of 2NP through the peroxygenase activity of P450 (Estabrook et al., 1984) . It has been postulated that 2NP may cause hepatic lipid peroxidation (Zitting et al., 1981) . The lipid peroxides formed during this process, in concert with preformed lipid peroxides, may contribute to a certain extent to oxidative metabolism of 2NP as has been demonstrated for benzo(a)pyrene (Morgenstern et al., 1981; Dix and Marnett, 1983) . Lastly, if P450 were to act as a true peroxidase then a chain reaction mechanism analogous to that reported for 2NP metabolism by horseradish peroxidase (HRP) is also possible (Porter and Bright, 1983) .
Our earlier work involving NADPH-dependent P450-mediated 2NP metabolism in uninduced mouse liver microsomes (Marker and Kulkarni, 1986) indicated that anaerobic conditions produce a substantial but not complete elimination of nitrite releasing activity. Decline in nitrite release due to anaerobiosis at pH7.6 was 83.7% and at pH8.8 was 74.4% suggesting that other oxygen-independent mechanisms for the metabolism of 2NP are operating in the presence of NADPH. The oxygen sensitivity of these reaction is unknown at present.
The ability of organic hydroperoxides such as CHP to replace NADPH, NADPH cytochrome P450 reductase and molecular oxygen in microsomal P450-mediated metabolism has been recognized for some time (O'Brien, 1978) . It has been suggested that P450, in the presence of hydroperoxides, can perform all reactions typical of NADPH-dependent P450 oxidative metabolism of xenobiotics with the possible exception of N-hydroxylation (O'Brien, 1978) . The main advantage is that only oxidative reactions proceed in this system. Thus, a study of an oxidative pathway is possible without the interference of reducrive mechanisms which apparently occur in an NADPH-supplemented microsomal system. The investigations presented here describe for the first time denitrification of a nitroalkane (2NP) by hepatic microsomal P450 in the presence of the organic hydroperoxide, CHP. Specific activities of 17.1 and 16.3 at pH 7.6 and 8.6 respectively were observed in CHP-supplemented hepatic microsomes from uninduced CDI mice. In the NADPHdependent reaction, mouse hepatic microsomes exhibited maximal specific activities of about 8.0 and 6.4 at pH 7.6 and pH 8.8 respectively Kulkarni, 1985, 1986) . This is in contrast to Ullrich et ai. (1978) who reported specific activities of 10 in PB induced rats and 0.5 in 3MC induced rats. Values for microsomes from untreated rats were not reported but were stated to be very low or undetectable.
The enzymatic nature of the CHP-supported reaction is evident from the observation that boiled microsomes reduce nitrite release to the nonenzymatic level. Linearity of the reaction with protein concentration and time also suggests an enzyme catalyzed reaction. Acetone, the expected second product of the oxidative denitrification of 2NP, was identified by GC and confirmed by MS.
Under the conditions employed, known modifiers of P450 mono-oxygenase/peroxygenase activity appear to be less effective inhibitors of 2NP denitrification than of other CHP-supported reactions. The inhibition patterns found in our experiments do not appear to be classifiable by the interaction of the inhibitor with P450 (Type I vs Type II ligands). The most effective inhibitor, under the conditions used, was n-octylamine, a Type II compound, which produced a statistically significant inhibition of nitrite peaks of nitrite releasing activity at pH 7.6 and 8.6, each with its own substrate optimum. SKF-525A and butylated hydroxyanisole, known modifiers of P450 peroxygenase activity, exhibited differential inhibitory effects dependent on pH. These results suggest the involvement of multiple P450 isozymes in the denitrification of 2NP. Acetone was identified as the second product of the reaction and its accumulation was more than 2 times the amount of nitrite observed suggesting the sequestration of nitrite by components of the reaction mixture leading to unidentified metabolites of 2NP. Thus, it appears that microsomal denitrification of 2NP in the presence of CHP is precisely monitored by acetone production rather than by quantification of nitrite released.
